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Observations of the Earth’s magnetic field have revealed locally
pronounced field minima near each pole at the core–mantle bound-
ary (CMB). The existence of the polar magnetic minima has long
been attributed to the supposed large-scale overturning circula-
tion of molten metal in the outer core: Fluid upwells within the
inner core tangent cylinder toward the poles and then diverges
toward lower latitudes when it reaches the CMB, where Corio-
lis effects sweep the fluid into anticyclonic vortical flows. The
diverging near-surface meridional circulation is believed to advec-
tively draw magnetic flux away from the poles, resulting in the
low intensity or even reversed polar magnetic fields. However,
the interconnections between polar magnetic minima and merid-
ional circulations have not to date been ascertained quantitatively.
Here, we quantify the magnetic effects of steady, axisymmetric
meridional circulation via numerically solving the axisymmetric
magnetohydrodynamic equations for Earth’s outer core under the
magnetostrophic approximation. Extrapolated to core conditions,
our results show that the change in polar magnetic field result-
ing from steady, large-scale meridional circulations in Earth’s outer
core is less than 3% of the background field, significantly smaller
than the∼100% polar magnetic minima observed at the CMB. This
suggests that the geomagnetic polar minima cannot be produced
solely by axisymmetric, steady meridional circulations and must
depend upon additional tangent cylinder dynamics, likely including
nonaxisymmetric, time-varying processes.
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In an era of in situ exploration of planetary bodies in thesolar system and remote exploration of planetary bodies out-
side the solar system, the intrinsic magnetic field of the Earth
(1, 2), the best documented of all planetary magnetic fields (3,
4), serves as a key test of our understanding of the planetary
dynamo mechanism. A few distinct features stand out in the
present-day geomagnetic field when downward extrapolated to
the core–mantle boundary (CMB) (Fig. 1) (5). Here we will focus
on the region within the so-called tangent cylinder (TC), which
is the imaginary cylinder co-axial with the spin axis and tangent
to the inner core’s equator (Fig. 1C). Within the TC, the radial
magnetic field on the CMB features weak and even reversed
magnetic flux patches in both hemispheres, commonly referred
to as polar magnetic minima (6). The amplitude of the relative
axisymmetric polar magnetic minima is defined as
|dBr |
|Bmaxr | =
|Bpoler −Bmaxr |
|Bmaxr | , [1]
where Bmaxr (Bpoler ) is the maximum (polar) value of the
azimuthally averaged, radial magnetic field on the CMB. The
value of |dBr |/|Bmaxr | is∼100% for the northern hemisphere and
∼60% for the southern hemisphere (Fig. 1B).
By tracking the time evolution of the polar magnetic minima
and attributing the changes in the magnetic field to steady-state
axisymmetric advection by core flows, Olson and Aurnou (12)
inferred the existence of an axisymmetric, anticyclonic polar vor-
tex inside the TC near the surface of the outer core with charac-
teristic azimuthal velocity uφ∼ 0.1 mm/s. A similar axisymmetric
CMB flow field was found via inversion of the high-resolution
Ørsted satellite magnetic field data (13) and in subsequent stud-
ies using different assumptions and datasets (14, 15). The mag-
netic Reynolds number associated with the inferred ∼ 0.1 mm/s
polar vortex, defined as Rm = uφRC/η, is ∼500, taking the core
radius RC = 3485 km for length scale and η∼ 0.8 m2/s as the
magnetic diffusivity (16, 17). The possibility of such a polar vor-
tex extending axially throughout the TC, and its connection to
the seismically inferred inner core superrotation, has been exten-
sively investigated (18–23). TC-filling polar vortices have also
been found in a number of geodynamo models (7, 11, 20, 24).
Thus, an axisymmetric polar vortex is presently the canonical
flow believed to exist within the TC (e.g., figure 1 in ref. 11 and
Fig. 1C).
Recent high-resolution geomagnetic field inversions have sug-
gested the possibility of an alternative scenario in which an
accelerating nonaxisymmetric jet exists along the TC rim (25).
Additionally, seismic observations suggest a shuffling rotation of
the Earth’s inner core, switching between superrotation and sub-
rotation on a decadal time scale (22), rather than the constant
superrotation that would better support the existence of quasi-
steady, axisymmetric polar vortices. These studies call into ques-
tion the leading interpretation of the polar magnetic minima, in
which meridional circulation associated with the inferred polar
vortices advects magnetic flux away from the poles below the
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Fig. 1. Current epoch geomagnetic field at the Earth’s CMB (5) and the
canonical picture of the origin of polar magnetic minima (7–11). (A) The
radial component of the geomagnetic field at the CMB (5). The south-
ern hemisphere is shown in Left, while the northern hemisphere is shown
in Right. It can be seen that the region poleward of the TC (pink and
green dashed circles) features weak and reserved magnetic flux in both
hemispheres. (B) The axisymmetric radial magnetic field at the CMB. The
relative amplitude of the axisymmetric polar magnetic minima, |dBr|/|Bmaxr |,
is ∼ 100% (∼ 60%) in the northern (southern) hemisphere. (C) The leading
explanation for the origin of the polar magnetic minima: Meridional circu-
lation associated with the inferred TC polar vortex advects magnetic flux
away from the poles. (C) Poloidal magnetic field lines are shown as yellow
lines, and velocities are marked by black lines.
CMB (7–11, 26). Furthermore, the essential hypotheses under-
lying this idea remain untested since neither (i) the amplitude
of the meridional circulation associated with the polar vortices
nor (ii) the amplitude of the polar magnetic minima associated
with the meridional circulation have been quantified. To address
this deficit, we determine here under what conditions the merid-
ional circulations associated with steady, axisymmetric polar
vortices are capable of generating polar magnetic minima of
comparable strength to those observed. Steady, magnetostroph-
ically balanced core flow, which can be convection-driven
(e.g., thermal plume) or Lorentz-force–driven, is the focus of
this study.
Ekman Pumping and Gyroscopic Pumping
Before delving into the modeling efforts, we first develop scaling
predictions for the strength of polar meridional circulations. In
rapidly rotating fluid systems, net transport occurs in the direc-
tion perpendicular to both the net body/surface force F fˆ and the
spin-axis zˆ , as dictated by the local force balance between F fˆ and
the Coriolis forces (e.g., refs. 27–29):
2ρ0Ωzˆ × u=F fˆ , [2]
where ρ0 is the fluid density, Ω is the background rotation rate,
and u is the fluid transport velocity. For example, a negative
zonal force (zonal corresponds to azimuthal) would require flows
away from the spin axis in the positive cylindrical radial direction
(+sˆ), while a positive zonal force would require flows toward
the spin axis (−sˆ). Mass conservation necessitates the existence
of flows in the vertical direction (±zˆ ), giving rise to a global
meridional circulation (SI Appendix, Figs. S2 and S5).
In the hydrodynamic context of atmospheric and oceanic
dynamics, this phenomenon is referred to as Ekman pump-
ing (e.g., refs. 27–29). In systems with stress-free mechanical
boundary conditions, Ekman pumping effects generate a net
meridional transport uMC that scales linearly with the Ekman
number, E , the ratio of viscous and Coriolis forces. In con-
trast, when the boundary conditions are no-slip, boundary layer
processes alter the pumping efficiency such that uMC ∼E1/2.
The generalization of Ekman pumping to magnetohydrody-
namic (MHD) systems is called gyroscopic pumping and has
been extensively investigated in the context of stellar interior
dynamics (e.g., refs. 30 and 31). In gyroscopic pumping, the force
that pumps the fluid can be any body force, including Lorentz
forces. Here we emphasize that gyroscopic pumping describes a
balanced state, rather than specifying the causality between the
force and the flows, which is an intricate question for a fully
dynamical system (see SI Appendix for more discussion). The
cylindrical radial velocity us associated with the Lorentz force
in the zonal direction FL,φ is
us =
FL,φ
2ρ0Ω
. [3]
Under axisymmetry, the Lorentz force becomes
F axiL,φ =
Baxir ,θ × (∇×Baxiφ )
µ0
, [4]
where µ0 is the magnetic permeability and Baxir ,θ and B
axi
φ are
the axisymmetric meridional (or poloidal) magnetic field and
the axisymmetric zonal (or toroidal) magnetic field, respectively.
From here onwards, we consider only axisymmetric quantities
and drop all axi superscripts. The efficiency of meridional cir-
culation to advect magnetic flux can be assessed via the magnetic
Reynolds number
RmMC =
usD
η
∼ 1
2
√
Λ(Br ,θ)
√
Λ(Bφ), [5]
where D is the typical length scale and Λ is the Elsasser number
Λ =
B2
µ0ηρ0Ω
[6]
that estimates the ratio of Lorentz and Coriolis forces and is of
order unity on Earth’s CMB (4). Recent low-viscosity numeri-
cal dynamo simulations (24, 32, 33) also find Elsasser numbers
associated with the internal magnetic field to be between 0.4 and
32, in basic agreement with the Λ∼ 1 predictions of asymptotic
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theory (34). Thus, the magnetic Reynolds number associated
with steady-state meridional circulation is likely to be of order
unity in Earth’s core. This RmMC ∼Λ∼ 1 value is likely too low
to generate the∼100% deviations in the polar geomagnetic field,
suggesting that additional processes are required to explain the
observed polar geomagnetic minima.
Numerical Method
Our axisymmetric model uses a pseudospectral method to solve
for Boussinesq flows (∇·U= 0, ∇·B= 0, ∂/∂φ= 0) under the
magnetostrophic approximation (2, 35) in which the inertia terms
in the momentum equation, including the time-dependent term
and the advection term, are neglected. The nondimensional
momentum equation is then
2zˆ ×U+∇Π = (∇×B)×B+ATWT~r +E∇2U, [7]
and the nondimensional electromagnetic induction equation is
∂B
∂t
=∇× (U×B) +∇2B, [8]
where Π is the nonhydrostatic pressure, T is the tempera-
ture perturbation, U is the velocity, B is the magnetic field,
φ is the azimuthal angle, zˆ is the unit vector parallel to the
spin axis, and ~r is the spherical radius vector measured from
the origin of the coordinate system. In our nondimension-
alization, the length scale is the core radius RC , the time
scale is the magnetic diffusion time R2C/η, the magnetic field
scale is
√
µ0ηρ0Ω (i.e., Λ1/2 units), the temperature scale is
Ωη/αg0RC where α is the thermal expansivity and g0 is the grav-
itational acceleration at the CMB, ATW is a coefficient used
to vary the strength of the thermal forcing, and the Ekman
number is defined as E = ν/ΩR2C in which ν is the kinematic
viscosity.
The flows in our axisymmetric magnetostrophic models are
driven by the latitudinal gradient of the axisymmetric temper-
ature field, ∂T (r , θ)/∂θ. The temperature pattern, T (r , θ), is
taken from a 3D dynamo calculation described in SI Appendix.
The amplitude of the thermal forcing is set by the value ofATW .
The strength of the viscous forces is controlled by the value of the
Ekman number E . The magnetic field is composed of two com-
ponents, the induced field and an imposed, current-free poloidal
field Bimp . The geometry and amplitude of Bimp is varied via
different combinations of associated Legendre polynomials. The
root-mean-squared amplitude of the imposed field is reported
via the Elsasser number Λimp =B2imp,rms . Details of our axisym-
metric magnetostrophic numerical implementation are given in
SI Appendix.
Furthermore, we augment the axisymmetric magnetostrophic
models with fully three-dimensional (3D) global numerical geo-
dynamo simulations with Ekman number varying from 10−4 to
10−6 (32). Details of the 3D global geodynamo simulations are
given in SI Appendix and in ref. 32.
Results
Two sets of axisymmetric, magnetostrophic numerical experi-
ments are carried out. In the first set of so-called “kinematic”
experiments, Lorentz force is not taken into account in the
momentum (Eq. 7). The momentum equation is purely hydrody-
namic. For cases with stress-free and no-slip mechanical bound-
ary conditions, we respectively predict E and E1/2 for the
amplitude scaling of meridional circulation as well as for the
amplitude of the relative polar magnetic minima, |dBr |/|Bmaxr |.
In the second set of “dynamic” experiments, the Lorentz
forces are self-consistently accounted for in solving Eq. 7. In
the dynamic experiments, we observe the interplay among three
classical processes that occur in rapidly rotating MHD: dynamo
ω-effects (2), Taylor’s constraint (36), and gyroscopic pump-
ing (30, 31). Misalignment between zonal flows and poloidal
magnetic field induces electric currents (i.e., the ω-effect)
and zonal Lorentz forces, the local zonal Lorentz force
requires meridional circulation (gyroscopic pumping), and the
nonzero z -integration of the Lorentz force can drive strong
z -invariant zonal flows (Taylor’s constraint). The nonlinear
interplay among these three effects drives the system toward
a state in which the zonal flow and the poloidal magnetic
field becomes better aligned. Although we predict that us ∝√
Λ(Br ,θ)Λ(Bφ), the multiple nonlinear feedbacks necessi-
tate a forward modeling approach to determine the scaling
behaviors of us and |dBr |/|Bmaxr | in the fully dynamic MHD
system.
Examples of zonal flows, meridional circulations, and mag-
netic fields from our kinematic and dynamic calculations are pre-
sented in SI Appendix, Fig. S2. These no-slip cases are carried out
with E = 3× 10−6, ATW = 600, and a uniform axial-imposed
magnetic field of amplitude Λimp = 1. Strong zonal flows have
been generated within the TC with Rm(uφ)∼ 100 in the kine-
matic case and Rm(uφ)∼ 250 in the dynamic case. Anticyclonic
(polar) vortices exist below the CMB in both cases, however a
cyclonic vortex exists above the inner core boundary (ICB) only
in the kinematic case. In the dynamic case, the violation of the
Taylor’s constraint (36) generates a strong z-invariant zonal flow
(37, 38), which swamps the cyclonic vortical flow near the ICB
(SI Appendix, Figs. S2 and S3). Ekman pumping induces a merid-
ional circulation with a peak amplitude of order Rm(us)∼ 0.02
in the kinematic case. In contrast, gyroscopic pumping induces
a meridional circulation with a peak amplitude of Rm(us)∼
10 in the dynamic case, exceeding the kinematic response by
nearly 500 times. The stronger meridional circulation in the
dynamic case generates far stronger polar magnetic minima rel-
ative to the kinematic case (Fig. 2 and SI Appendix, Fig. S2). The
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10 -1410 -1210 -1010 -810 -610 -4
|dB
r|/|
B r
|
10-6
10-5
10-4
10-3
10-2
10-1
100
No-Slip: Kinematic
Free-Slip: Kinematic
 ;  Dynamic,
E1/2 E1/4
E1
 ;  Dynamic,
E1/8
Fig. 2. Relative amplitude of polar magnetic minima, |dBr|/|Bmaxr |, as
a function of the Ekman number from kinematic and dynamic magne-
tostrophic calculations atATW = 300 and an imposed, axial Λ = 1 magnetic
field. In the kinematic surveys, |dBr|/|Bmaxr | follow the predicted E1/2 scaling
with no-slip boundary conditions and the E1 scaling with free-slip boundary
conditions. In the dynamic surveys with self-consistently calculated Lorentz
force, the polar magnetic minima are enhanced due to gyroscopic pumping
and follow a ∼ E1/4 scaling in the free-slip cases and a ∼ E1/8 scaling in the
no-slip cases, which result from the nonlinear feedbacks that exist between
the zonal flows, magnetic fields, and Lorentz forces.
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(cylindrical) radial flow in our dynamic magnetostrophic models
is not limited to the boundary layers at the top and bottom of the
outer core but fills the entire outer core (SI Appendix, Figs. S2C
and S5C).
Fig. 2 shows the amplitude of the relative polar magnetic min-
ima as a function of the Ekman number from kinematic and
dynamic calculations at ATW = 300 and Λimp(uniform Bz ) = 1.
The meridional circulation in the kinematic surveys comes solely
from the viscous Ekman pumping. It can be seen from Fig. 2 that
the relative amplitude of polar magnetic minima in the kine-
matic surveys follows the classical E1/2 scaling in the no-slip
cases and the E1 scaling in the free-slip cases (38). In the no-slip
kinematic cases,
|dBr |
|Bmaxr | = 0.32Rm(uφ)E
1/2, [9]
while in the free-slip kinematic cases,
|dBr |
|Bmaxr | = 2.82Rm(uφ)E
1, [10]
where the value of the azimuthal magnetic Reynolds number
Rm(uφ) is controlled by the thermal forcing (SI Appendix, Fig.
S1). Given that Rm(uφ) of the inferred anticyclonic polar vortex
at the Earth’s outer core is∼ 500 (12, 16, 17) andE of the Earth’s
core is ∼ 1× 10−15, our kinematic survey predicts the relative
polar magnetic minima associated with Ekman pumping to be on
the order of 5× 10−6 for the Earth’s core under no-slip bound-
ary conditions. This is many orders of magnitude smaller than the
observed ∼ 100% polar magnetic minima at the Earth’s CMB.
In contrast, for a modest Ekman number commonly adopted in
3D geodynamo simulations such as E = 3× 10−5, our kinematic
survey predicts |dBr |/|Bmaxr | as large as 88% for Rm(uφ) = 500
with no-slip boundary conditions and∼ 4% with free-slip bound-
ary conditions. The strong |dBr |/|Bmaxr | signatures of viscous
Ekman pumping likely then influence the global field strengths
and the large-scale field morphologies in moderate Ekman num-
ber dynamo studies with no-slip boundary conditions (e.g., refs.
26, 39, and 40). We will return to this point later when examining
our own 3D numerical dynamo simulations (32).
In the dynamic surveys withATW = 300, |dBr |/|Bmaxr | follows
a E1/8 scaling in the no-slip cases and a E1/4 scaling in the free-
slip cases (Fig. 2). In the no-slip dynamic cases withATW = 300,
|dBr |
|Bmaxr | = 1.06E
1/8, [11]
while in the free-slip dynamic cases with ATW = 300,
|dBr |
|Bmaxr | = 2.2E
1/4. [12]
We have variedATW from 300 to 6,000 and observed similar, but
not constant, scalings with the Ekman number in our dynamic
surveys (SI Appendix, Fig. S4). The inclusion of Lorentz forces
drives much stronger polar vortical flows in the dynamic calcu-
lations, with strong z -invariant component of the zonal flows
(36–38). For example, at E = 3× 10−6 and ATW = 600, the
amplitude of the z -invariant zonal flow inside the TC exceeds
that of the z -varying zonal flow (thermal wind) in both the
free-slip case and the no-slip case (SI Appendix, Figs. S2 and
S3). These calculations point to the possibility that a signifi-
cant fraction of the observed anticyclonic polar vortices at the
Earth’s outer core could be z -invariant, which would differ
from the results of most 3D numerical geodynamo simulations
(24, 26, 41).
Next, we extrapolate our scaling results to Earth’s core. We use
the dynamic scalings derived from both no-slip cases and free-
slip cases. The amplitude of the z -invariant zonal flows scales
as E−1/2
∫
z
FLorentz ,φdz with no-slip boundary conditions and
scales as E−1
∫
z
FLorentz ,φdz with free-slip boundary conditions
(37, 38). Thus, free-slip cases at E = 3× 10−8 should serve as a
proxy for no-slip cases at E = 10−15. The amplitude of the polar
vortex in the free-slip dynamic calculations at E = 3× 10−6,
ATW = 300 already exceeds the inferred polar vortex amplitude
in Earth’s core (Rm(uφ)' 500). Within the framework of our
dynamic magnetostrophic models, we regard ATW = 300 as an
upper bound of thermal forcing for Rm(uφ)' 500. The pre-
dicted polar magnetic minima is ∼3% when we extrapolate the
E1/4 dynamic free-slip scaling toE = 3× 10−8 and∼ 1.4% when
we extrapolate the E1/8 dynamic no-slip scaling to E = 10−15.
However, even the 3% estimate is more than an order of magni-
tude smaller than the observed 60–100% polar magnetic minima
at the Earth’s CMB.
The zonal Lorentz force and the cylindrical radial velocity
(us) in the dynamic free-slip calculations with ATW = 300, E =
3× 10−6, Λimp(uniform Bz ) = 1 are shown in SI Appendix, Fig.
S5. The amplitude of the meridional circulation, as measured
by Rm(us), is indeed on the order of unity as predicted by our
simple order of magnitude analysis of the Lorentz-force–driven
gyroscopic pumping (Eq. 5). Moreover, SI Appendix, Fig. S5C
shows the gradual decrease in the amplitude of the meridional
circulation in the dynamic calculations as the Ekman number
decreases. This decrease in the amplitude of the meridional cir-
culation results from the decrease of zonal Lorentz force and is
responsible for the corresponding scaling of |dBr |/|Bmaxr | with
the Ekman number in the dynamic calculations.
The geometry (SI Appendix, Fig. S1) and amplitude of the
imposed poloidal magnetic fields have been varied in our numer-
ical experiments. These calculations show that the geometry
of the imposed axisymmetric magnetic field does not funda-
mentally alter the amplitude and scaling of the resulted polar
magnetic minima (SI Appendix, Fig. S6). When the amplitude of
the imposed field is varied, |dBr |/|Bmaxr | reaches the maximum
when the Elsasser number of the imposed poloidal magnetic
field is in the range of 1 to 10 in the dynamic calculations,
as shown in SI Appendix, Fig. S7. Further, the same ∼E1/4
scaling at ATW = 300 is found for |dBr |/|Bmaxr | in stress-free
dynamic calculations at Λimp = 10. These results imply then that
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Fig. 3. Axisymmetric radial magnetic field at the CMB, scaled to the peak
Br , from 3D global numerical dynamo simulations with Rm(uφ, TC)∼ 200 at
three different Ekman numbers: 10−4, 10−5, and 10−6. For all three Ekman
numbers, the polar magnetic minima in the 3D runs are in good agree-
ment with that associated with Ekman pumping predicted by our scaling
[9], 0.32Rm(uφ)E1/2, the values of which are shown via the dashed horizon-
tal lines and arrows of the respective colors. For all three Ekman numbers,
a random snapshot is chosen that is representative of the entire run (see
SI Appendix, Movie S1; also available at https://doi.org/10.6084/m9.figshare.
7152665).
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the amplitude and scaling of |dBr |/|Bmaxr | are robust for the esti-
mated range of magnetic field strength, 10−1.Λ. 10, in the
Earth’s outer core.
To augment our highly reduced magnetostrophic models, we
have analyzed the polar magnetic field properties from global
3D numerical dynamo simulations in which the Ekman number
varies from 10−4 to 10−6 (32). In particular, we selected various
E cases from ref. 32 in which Rm(uφ,TC )∼ 200 and the con-
vective flow stays between 10 to 15 times supercritical. It can be
seen from Fig. 3 that the resulted polar magnetic minima in a typ-
ical snapshot of the 3D global dynamo runs become less and less
prominent as the Ekman number decreases from 10−4 to 10−6.
For all three Ekman numbers, the polar magnetic minima in the
3D runs are in good agreement with that associated with Ekman
pumping predicted by our scaling [9], 0.32Rm(uφ)E1/2, the val-
ues of which are shown via the dashed horizontal lines and arrows
of the respective colors. For all three cases, a random snapshot is
chosen. These random snapshots are representative of the entire
run, as can be seen from SI Appendix, Movie S1 (also available at
https://doi.org/10.6084/m9.figshare.7152665).
Summary and Discussion
Our inertia-free, axisymmetric numerical simulations show that
the meridional circulation associated with the canonical TC polar
vortex flow (Fig. 1C) is in basic agreement with the order-
of-magnitude estimate of the Lorentz-force–driven gyroscopic
pumping [5]. This meridional circulation indeed advects mag-
netic flux away from the polar regions. However, extrapolating
our results to Earth’s core conditions, we find that the magni-
tude of the polar magnetic minima would be more than an order
of magnitude smaller than those observed (Fig. 2). The physical
picture and scaling derived from our inertia-free, axisymmetric
numerical simulations are in good agreement with low Ekman
number 3D global geodynamo simulations as shown in Fig. 3.
Our results suggest that physical processes beyond quasi-steady
meridional circulation are necessary to explain the observed
∼100% geomagnetic polar minima.
Here we propose three possible alternative mechanisms for
the origin of the geomagnetic polar minima, as summarized in
Fig. 4. In the first scenario, we assume, in addition to a large-scale
polar vortex, that strong, smaller scale convective turbulence fills
the TC volume (e.g., ref. 42). Assuming the flow is predominantly
driven by a vertical buoyancy flux emanating from the ICB, vor-
tex stretching will act to generate positive axially helical flow,
H , in the vicinity of the ICB and negative helicity flow near the
CMB (e.g., refs. 43 and 44). The helical flow will give rise to
TC-localized α-effects (2) that will induce positive (negative) Br
near the CMB in the presence of positive (negative) Bφ gener-
ated by the large-scale polar vortex. In both hemispheres, this
induced Br would act against the ambient radial field, thereby
generating local minima in the radial magnetic field intensity at
the CMB. Interestingly, this scenario would generate a corre-
lation between an inferred polar vortex and a polar minimum,
but crucial to this scenario is the small-scale, unobserved nonax-
isymmetric helical flow. For roughly uniform small-scale helical
flow (cf. ref. 45), this process would tend to generate a relatively
smooth polar minimum that would be predominantly axisym-
metric in structure (e.g., case S2 in ref. 24), unlike the strongly
nonaxisymmetric magnetic minima observed at the Earth’s CMB
(Fig. 1A). If both the α-effect and the ω-effect are strong inside
TC, it is then possible to have a local α−ω dynamo with a
quasi-regularly flipping magnetic field inside the TC (e.g., see
movie of case S2 in ref. 24; https://doi.org/10.6084/m9.figshare.
4924223.v1).
In our second proposed scenario, large-scale nonaxisymmet-
ric and/or time-varying polar upwellings would advect reversed
magnetic flux patches outwards to the CMB (Fig. 4B), a pro-
cess found to occur in a number of global numerical simulations
(e.g., refs. 46 and 47). To generate strong polar magnetic minima,
these polar plumes must be nonaxisymmetric or time-varying in
nature, such that they are not in steady magnetostrophic balance.
Downwelling plumes tend to generate magnetic maxima via
focusing of magnetic fluxes. Thus, for this mechanism to consis-
tently generate polar magnetic minima instead of polar magnetic
maxima, the nonaxisymmetric upwelling plumes need to dom-
inate the nonaxisymmetric downwelling plumes inside the TC.
However, Sreenivasan and Jones (46) generally found a similar
number of upwelling plumes and downwelling plumes inside TC
(see their figure 9). If a similar number of upwelling and down-
welling plumes is indeed typically the case, the nonaxisymmetric
scenario would tend to generate large-scale nonaxisymmetric
polar magnetic minima and maxima simultaneously.
Time-varying axisymmetric polar upwellings is an alternative,
in which the axisymmetric upwelling can be much stronger than
dictated by [5] during the strong acceleration phase of polar vor-
tices. We noticed that in our lowest Ekman number 3D global
simulations atE = 10−6, there exist no significant polar magnetic
minima except during a few snapshots (SI Appendix, Movie S1;
also available at https://doi.org/10.6084/m9.figshare.7152665),
which is in line with this scenario in which strong polar magnetic
minima is a time-varying phenomenon.
Third, large-scale instability of the TC shear layer (Fig. 4C)
could generate CMB magnetic field signals similar to those
observed. For instance, present-day CMB Br in the Earth’s
southern hemisphere features a strong azimuthal wavenumber
one, m = 1, structure (Fig. 1A). Similarly, a m = 1 structure
appears to exist along the TC in the recent geomagnetic secular
variation inversion analysis of ref. 25. A number of mechanisms
could generate such a m = 1 instability of the TC shear layer,
including some form of magneto-rotational instability (48) or
baroclinic instability of the TC (49).
The physics underlying these possibilities are rich, and their
quantitative assessment under Earth’s core conditions remains
open to future research efforts. Further, if significant polar
11190 | www.pnas.org/cgi/doi/10.1073/pnas.1717454115 Cao et al.
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magnetic structures are found in high-resolution magnetic field
observation of other planetary bodies, such as Mercury (50),
Jupiter (51), and Saturn (52, 53), our results suggest that physical
processes beyond steady polar vortex flows are at play.
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